Introduction
Living cells are susceptible to radiation-induced alterations of nucleic acids. y-Irradiation of nucleic acids in aqueous solution causes chemical modifications in the constituent bases as well as in the sugar moieties 1 -2 . In aqueous solutions these modifications are induced by OH radicals, solvated electrons (eäq) and H atoms generated by the radiolysis of water (reaction (1)). H20 -' OH, elq, H", H+, OH", H2, H202 (1) Chemical changes in the sugar moiety may lead to a nucleic acid strand break 3 and to the liberation of unaltered bases 4 .
Thymidine has recently been studied as a model compound of DNA 5 . Most of the work has been undertaken to elucidate the changes in the base component but with the notable exception of the identification of 2-deoxy-ribonic acid lactone no carbohydrate products have been reported so far. Here, we wish to report on the formation of the carbohydrate products and the liberation of unaltered thymine in the absence of oxygen (N20-saturated, «2.2 • 10 -2 M), and in its presence (N20/02 80/20 v/v saturated). In these systems the thymidine concentration chosen was 10~3 M. At this concentration the solvated electrons for the most part (86%) react with N20 and are converted into OH radicals (reaction (2) ). Only a minor fraction of the solvated electrons reacts with thymidine (k(e;q + N20) = 5.6 • 10 9 M" 1 sec -1 , k(elq + thymine) = 1.7 • 10 10 M^1 sec -1 « k(e;q + thymidine) 6 ).
eäq + N20
'OH + N2 + OH-
The system then consists to about 90% of OH radicals and about 10% of H atoms. All H atoms and the major part of the -OH radicals react with the base component, but about 20% of the OH radicals are expected to abstract a hydrogen atom from the sugar moiety 3 -7 . In the consecutive processes that follow OH attack the unaltered base can be released from the altered sugar part.
In the presence of oxygen the radicals generated by OH attack add oxygen to give peroxyl radicals and will not undergo the reactions which are typical of the anoxic conditions. In this case the products arise from subsequent reactions of the peroxyl radicals. As will be shown most of the products are different in the absence and in the presence of oxygen but two products are formed under both conditions.
Results
Aqueous solutions of thymidine (10 -3 M) were freed from oxygen by bubbling with oxygen-free N2O and were irradiated with doses from 6.7 • 10 17 up to 3.3 • 10 18 eV/g at a dose rate of 4 • 10 18 eV/g • h. The irradiated samples were reduced with NaBH4 or NaBD4, trimethylsilylated and analysed by GC-MS. Separation of the trimethylsilylated polyalcohols was achieved on a 60 m glass capillary column coated with OV 101 8 . On reduction with NaBD4 the carbonyl groups are converted into alcohol groups and deuterium atoms are incorporated in the product molecules at these positions 9 . The mass spectra of the TMS-ethers of the reduced products were interpreted on the basis of typical fragmentation patterns of this class of compounds 9 . The identified products are given in Table I . The yields of the products were linear with dose within the dose range given. G-values (Table I) 2,5-Dideoxy-pentos-4-ulose (1) (absent in the presence of oxygen) after reduction with NaBD4 gave two steroeisomeric polyalcohols, 2,5-dideoxyerythro-pentitol-l,4-da and 2,5-dideoxy-threopentitol-l,4-d2. The mass spectra of their TMSethers are identical. The typical fragment ions are m/e 104 (100%), 118 (55%), 220 (30%), and 233 (2%) (M-15-90). The most prominent fragment ion m/e 104 indicates a 2-deoxy-compound with one deuterium atom at C-l 9 . The m/e 118 is a typical fragment in the mass spectra of the TMS ethers of polyalcohols with a methyl group at one end of the molecule and a deuterium atom at the adjacent carbon 9 » 10 .
-CH3
The incorporation of deuterium atoms at the positions 1 and 4 indicates that prior to reduction two carbonyl functions were present in the molecule at these positions.
2,4-Dideoxy-pentodialdose (2) and 2,4-dideoxypentos-3-ulose (3) 
-CH2OTMS
Its precmsor must be 2-deoxy-ribonic acid lactone (6), (present both in the presence and absence of oxygen). Since 6 was available as reference material it was possible to identify 6 also in non-reduced irradiated samples.
2-Deoxy-tetrodialdose (7) is only found in the presence of oxygen. After reduction with NaBHi the GC-retention time and mass spectrum of its TMS- Thymine (8) was identified by thin layer chromatography and confirmed by GC as its trimethylsilyl derivative.
Discussion
Although most of the OH radicals produced in this system add to the pyrimidine ring a minor fraction abstracts carbon bound hydrogen atoms from the deoxy sugar moiety. In the latter reactions five different primary radicals are formed with the radical sites at C-l' to C-5' of the sugar moiety. Some of the subsequent reactions of these radicals lead to the scission of the N-glycosidic bond. In these reactions the sugar part is transformed (no deoxyribose has been detected as a product) and unaltered thymine is released. Both parts have been found in about matching quantities. Possible mechanisms are discussed in the following.
NzO saturated, deoxygenated solutions a) The radical at C-4'. Formation of products 1, 4 and 5
The precmsor of the products 1, 4 and 5 must be radical 9 which is generated by OH attack at the C-4' position (reaction (3)).
HO-CH" O N
,0
On the way to product 1 the radical site migrates to C-5'. In an analogous reaction the radical site migrates to C-3' on the way to product 4. Two possible routes may be envisaged. In analogy to similar radicals 11 radical 9 may eliminate an OH anion (or water by assistance of a proton). The intermediate radical cation 10 adds water with loss of a proton to give 11 (reaction (4)). 
12
This reaction would be followed by a water elimination process which is well documented for this class of compounds (for references see 13 ) . The resulting radical then would be the ringopen form of 11.
In a disproportionation reaction with other radicals ('RH) 11 forms compound 13. 13 is unstable, liberates thymine, and gives product 1 (reaction (6)). An oxidation of radical 9 or of its ringopened equivalent 12 yields product 5 with similar intermediates as described above. Carbenium ions may well be intermediates 14 in this oxidation process.
b) The radicals at G-5' and C-3'. Formation of products 2 and 3
Product 2 is expected to have the radical 14 as precursor. It may give radical 15 in a process analogous to the water elimination reaction of a,/9-dihydroxy alkyl radicals. There is evidence that radicals of the type -COH-CHOR-can eliminate HOR, R being an alkyl group 15 -16 (reaction (7)). Radical cations are likely to be intermediates. HO 14 15 The way from 15 to thymine and 2 is thought to be similar to reaction (6) a hemiaminal being an intermediate. The radical at C-3' leads in an analogous reaction to thymine and 3.
c) The radical at C-l'. Formation of product 6
The initial step in the formation of 2-deoxyribonic acid (6) is most likely H-abstraction at C-l' giving rise to radical 16. This may either be oxidized directly into the carbenium ion or may hydrolyse into thymine and the radical 17 which can be oxidized in a disproportionation reaction into 6 (reaction (8) Hydrolytic steps have also been postulated in the radical-induced scission of the O-glycosidic linkage of cellobiose 17 . The mechanism of reaction (8) is presently under a more detailed investigation.
N2O/O2, saturated solutions
In the presence of oxygen molecular oxygen will add to the primary carbohydrate radicals to give corresponding peroxyl radicals. Peroxyl radicals are known to decay in different ways 18 , first order hydrolytic processes and second order processes.
a) The radical at C-5'. Formation of product 7
The formation of the product 7 is explained in a way similar to that proposed for the formation of erythro-tetrodialdose in the y-radiolysis of oxygenated aqueous solutions of ribose-5-phosphate 19 . In the presence of oxygen, radical 14 adds oxygen to give the peroxyl radical 18. The radical 18 can react with another peroxyl radical leading to the oxyl radical 19, molecular oxygen and another oxyl radical 19 -21 (reaction (9) 
RO" + 02
19
The oxyl radical 19 can undergo ^-fragmentation 18 -20 to give formic acid and radical 20. Radical 20 is expected to give 2-deoxy-tetrodialdose (7) (reaction (10)). The various steps involved in reaction (10) are not yet elucidated. However, in the free radical chemistry of carbohydrates it is generally observed that in the presence of oxygen this type of radical is converted into the corresponding carbonyl compound 19 -21-23. b) The radicals at C-4' and C-l'. Formation of products 5 and 6
Products 5 and 6 are formed both in deoxygenated and oxygenated solutions. However, the mechanisms must be different. The formation of 5 and 6 in the presence of oxygen is expected to proceed by a decay of the peroxyl radicals, formed by the addition of molecular oxygen to the radicals at C-4' and C-l', respectively. The mechanisms of the reactions involved are unknown.
Quantitative aspects
Thymine has been determined by 1.1. c. On top of unaltered thymidine and thymine a fair number of other UV absorbing products have been recognized. Thus it is possible, especially in the presence of oxygen, that G (thymine) is too high owing to an incomplete separation of thymine from another UV-absorbing product. However, experiments using the twodimensional t.I.e.-technique failed to separate the thymine spot further. Material balance is good in deoxygenated solutions (G(free altered sugars) «0.2 «G (thymine) whereas an apparent excess of thymine is found in the presence of oxygen (G (free altered sugars) «0.3, G (thymine) «0.4) ). It is reasonable to assume that the primary reactions of the OH radicals are the same in the absence and in the presence of oxygen. Restitution reactions are more likely to occur in the absence of oxygen. Hence G (6) is 0.02 under anoxic and 0.07 under oxic conditions (primary attack at C-l'), G (l+4 + 5)anoxic = 0.11, Goxic (5) = 0.2 (primary attack at C-4') and G (2)anoxic = 0.02 is smaller than G (7)Oxic = 0.03 (primary attack at C-5'). The large number of UV absorbing products recognized by t.l.c. indicates that there are alterations of the thymidine molecule, leaving the chromophore intact. These could, in part, be alterations at the sugar moiety which do not lead to an elimination of the base.
Conclusions
The elimination of free bases in the radiolysis of aqueous solutions of DNA has been known for some time 4 -24 . The G-values are similar to those observed with om model compound. More recently, it has been shown that the altered sugars 1,4,5 and 7 are released from irradiated aqueous solutions of DNA 25 > 26 . There, not only the release of unaltered bases is observed but also the breakage of the DNA chain at both phosphate ester sites of the sugar units. According to om present knowledge the replacement of an OH group by a phosphate ester group alters some of the routes in the free radical chemistry of this class of compounds. Hence, the phosphate ester analogs of the products 2 and 3 are not expected to be formed in the y-radiolysis of aqueous DNA but that of 6 is quite likely. The reduction of the irradiated samples with NaBHi and NaBD4 was carried out as described previously 9 . For trimethylsilylation the dried samples (ca. 30 mg) were dissolved in dry pyridine (0.7 ml) and reacted with MSTFA (0.3 ml) under stirring for 1 h at room temperature.
Gaschromatography and mass spectrometry
For GC analysis a Varian 1400 equipped with FID was used. Separations of the reduced and trimethylsilylated samples were achieved on a OV-lOl glass capillary column (68 m; 0.25 nm i.d.) isothermally at 150 °C. The thin film glass capillary columns were produced as described previously 8 .
For mass spectral analysis the trimethylsilylated samples were dried over P4O10 in vacuo to evaporate the excess trimethylsilylating agent and then dissolved in small quantities of KOH-dried pyridine.
The mass spectrometer (Atlas CH-4) was linked to a gas chromatographic setup (Varian 1400, OV-lOl glass capillary column, 68 m; 0,25 mm i.d. at 150°). The mass spectral data were processed with the aid of a computer 28 and are background corrected.
Quantitative determinations
The quantitative determinations of the products were carried out by GC using the method of the internal standard. A known amount of the standard (ribitol) was added to an aliquot of the irradiated solution, the solution was reduced with NaBHi and then trimethylsilylated. The correction factor 29 was determined as 1.0 for the polyalcohols with respect to ribitol. Analytical conditions were the same as above.
Thymine was determined by thin layer chromatography with the aid of a UV-thin layer scanner (Carl-Zeiss). Cytosine was used as an internal standard. For 1.1. c. separations chloroformmethanol-water (6:5:3; lower layer) was used as the solvent. The errors in the measurements are considered to be ±15%. Values in Table I were rounded to one Figure only.
